Yeast prions are non-Mendelian genetic elements that are conferred by altered and self-propagating protein conformations. Such a protein conformation-based transmission is similar to that of PrP Sc , the infectious protein responsible for prion diseases. Despite recent progress in understanding the molecular nature and epigenetic transmission of prions, the underlying mechanisms governing prion conformational switch and determining prion "strains" are not understood. We report here that the evolutionarily conserved heat shock transcription factor (HSF) strongly influences yeast prion formation and "strain" 
INTRODUCTION
Prions or proteinaceous infectious particles are generally considered to be responsible for the class of fatal mammalian neurodegenerative diseases known as transmissible spongiform encephalopathies, including scrapie in sheep, bovine spongiform encephalopathy in cattle, and Creutzfeldt-Jakob disease in humans (PRUSINER 2004 ], which are transmitted from mother to daughter cell as particular self-propagating protein conformations. They are known as yeast prions since their transmission mechanism is similar to that of PrP Sc (for reviews see (CHIEN et al. 2004; JONES and TUITE 2005; LIEBMAN and DERKATCH 1999; UPTAIN and LINDQUIST 2002; WICKNER et al. 2004) ).
Yeast prions share many features with their mammalian brethren, despite the absence of any structural or functional homologies among the implicated proteins. Similar to the mammalian prion protein, yeast prion proteins are capable of perpetuating particular conformational changes, forming amyloid (ordered protein aggregates) fibers under physiological conditions (GLOVER et al. 1997; KING et al. 1997) , and existing as distinct prion "strains" (BRADLEY and LIEBMAN 2003; DERKATCH et al. 1996; SCHLUMPBERGER et al. 2001) . In mammals, several distinct strains of prion disease have been described, which differ in symptoms, incubation times, and brain pathologies (PRUSINER 1998) . Yeast prion "strains" are generally referred to as variants to distinguish them from the traditional classification of yeast strains (DERKATCH et al. 1996) .
Yeast Sup35, the protein determinant of prion [PSI + ], is a homologue of the highly conserved eukaryotic release factor 3 (eRF3). When Sup35 is in its native conformation, it binds to Sup45 to form a functional translational termination factor to direct ribosomes to stop faithfully at stop codons (STANSFIELD et al. 1995) . When Sup35 enters an altered conformation, [PSI + ], it is sequestered from the translation termination machinery to result in translational read-through. As a consequence, [PSI + ] cells that contain ade1-14, a nonsense mutation in ADE1, are able to grow in medium lacking adenine because of sufficient read-through of ade1-14 (SERIO and LINDQUIST 1999 Although there has been significant progress recently in understanding the "protein only" transmission of prions (CASTILLA et al. 2005; KING and DIAZ-AVALOS 2004; LEGNAME et al. 2004; LIEBMAN 2005; LIEBMAN and MASTRIANNI 2005; TANAKA et al. 2004) , the molecular mechanisms underlying the prion conformational switch and "strain" determination remain a central problem of prion biology. In order to unveil the cellular machinery governing prion formation and transmission, we have investigated the role of yeast heat shock transcription factor (HSF) in prion formation and propagation. HSFs are evolutionarily conserved transcription factors that play an essential role in protecting eukaryotic organisms against heat shock and other environmental stresses (MORANO and THIELE 1999) . For example, upon heat shock, HSF is activated to increase the production of heat shock proteins (HSPs), most of which are molecular chaperones, a group of proteins that exercise protective functions in the cell by refolding or dis-aggregating denatured proteins produced during the stress (PIRKKALA et al. 2001) . Several molecular chaperones, Hsp104, Ssa and Ssb, and Sis1, are implicated in playing important roles in prion propagation (ALLEN et al. 2005; CHERNOFF et al. 1995b; JUNG et al. 2000; JUNG and MASISON 2001; KUSHNIROV et al. 2000; SONDHEIMER et al. 2001) . Hsp90 co-chaperones, Sti1 and Cpr7 were also shown to influence [PSI + ] stability (JONES et al. 2004) . Although studying the effect of individual factors and their simple combinations on yeast prion formation has proven to be fruitful, such an approach would likely fail to uncover factors with functionally redundant homologue(s) or protein networks that are required for prion formation. Since HSFs are the master regulators in controlling the expression of molecular chaperones, elucidating the link between prionogenesis and HSF would possibly allow us to identify such cellular components.
HSFs are structurally and functionally conserved from yeast to humans, containing a winged helix-turn-helix DNA binding domain, a hydrophobic stretch necessary for homo-trimerization, followed by a transcription activation domain that is also conserved (LITTLEFIELD and NELSON 2001; WU 1995) . HSF binds to cis-acting DNA promoter elements known as heat shock elements (HSEs), which are highly conserved as well (AMIN et al. 1988 alleles. Our results demonstrate that elucidating the link between HSF and yeast prions will provide valuable information on the mechanisms of prion initiation and propagation.
MATERIALS AND METHODS
Plasmids: Plasmids described in this study are listed in table 1. To construct pRS416GPD-HSF (URA3), the HSF1 ORF was obtained by a polymerase chain reaction (PCR) using pRS314 HSF (TRP1) as the template, 5'TTGTTCCCGGGATGAATAATGCTGCA3' as the forward primer, and 5' TTGCCCTGAATTCTATTTCTTAGC3' as the reverse primer.
After digestion with SmaI and EcoRI, the PCR fragment was ligated into pRS416GPD and XhoI (the GPD promoter of p415GPD was thus removed). To create p425GPD-HSP104 (LEU2), p2HG-104 (HIS3) (LI and LINDQUIST 2000) was digested with BamHI and the resulting BamHI-BamHI fragment containing the HSP104 coding region was ligated to p425GPD (LEU2) that was predigested with BamHI.
Yeast strains: Yeast strains are listed in Table 2 . To obtain hsf1 disruption strain we transformed 112, ],
[RNQ + ]) with pRS416GPD-HSF1 followed by chromosomal replacement of HSF1 with the PCR fragment containing Kan R marker flanked by HSF1 sequence as described above through "one step" gene replacement (SHERMAN 1991 (SONDHEIMER and LINDQUIST 2000) . By doing so, we found that Rnq1 was in the pellet fraction in all ∆NTA-HSF, ∆CTA-HSF, and wt-HSF cells (Fig 2A) , suggesting that deletion of the HSF NTA or CTA had no effect on preexisting Table 3 ).
Since CUP1 can be activated by HSF in response to a variety of growth and stress conditions, including heat shock, chemical stress and glucose starvation (HAHN et al. 2004; TAMAI et al. 1994) , the observed differences in [PSI + ] induction by hsf1 alleles could have resulted from different expression levels of NMGFP or Sup35GFP (HAHN et al. 2004; TAMAI et al. 1994) . To test this possibility, we carried out immunoblot analysis using a polyclonal antibody specific to Sup35M to estimate the expression levels of NMGFP. As shown in Figure 2C , similar amounts of NMGFP was expressed in all cell types after a 4-hour induction. Comparable intensities of the endogenous Sup35 band (the slower migrating band) in each lane confirmed the equal loading ( Fig 2C) . The expression levels of Sup35GFP are also similar in these hsf1 alleles (data not shown Fig 2D) . Presumably, the leaky CUP1 promoter, which is also induced in response to glucose deprivation (HAHN et al. 2004; TAMAI et al. 1994) et al. 1993; DUYAO et al. 1993; SNELL et al. 1993) . There are at least nine polyQ-associated neurodegenerative diseases, including the Huntington's disease (WALSH et al. 2005) . Yeast has been a useful model for studying the aggregation and toxicity of polyQ proteins (DERKATCH et al. 2004; GOKHALE et al. 2005; KROBITSCH and LINDQUIST 2000; MERIIN et al. 2002; OSHEROVICH and WEISSMAN 2001) . Huntingtin exon1, with a long polyQ tract, forms detectable aggregates in yeast cells and the aggregation strength and the associated cell toxicity are proportional to the length of the Q-tract (KROBITSCH and LINDQUIST 2000; MERIIN et al. 2002) . We transformed the isogenic ∆NTA-HSF, ∆CTA-HSF, and wt-HSF cells with a set of high copy-GPD plasmids containing
Huntingtin exon1-GFP with variable polyQ lengths: Q25, Q47, Q72, and Q103, respectively (KROBITSCH and LINDQUIST 2000) . As shown in Fig 3C, Q47 -GFP formed no detectable aggregates in wt-HSF, in agreement with a previous report (KROBITSCH and LINDQUIST 2000) . However, the formation of Q47-GFP aggregates was obvious in ∆CTA-HSF cells ( Fig   3C) . (Fig 3C) . Thus, the effects of the distinct hsf1 alleles on protein aggregation are not specific to prion proteins. Fig 4B) . Fig 4B and Fig 5) . Their mosaic feature can be stably maintained upon multiple sequential streaking and even through plasmid transformation procedures. 
The effect of N-terminal or C-terminal domain deletion of HSF on the expression of
Hsp104. The molecular chaperone Hsp104 plays an essential role not only in prion propagation but also in polyQ aggregation in S. cerevisiae (CHERNOFF et al. 1995b; KROBITSCH and LINDQUIST 2000) . It has been shown that HSP104 expression is under the regulation of HSF (GRABLY et al. 2002; HALLADAY and CRAIG 1995 CHERNOFF et al. 1995a) . It has been shown and confirmed by us that Hsp90 level is significantly reduced in ∆CTA-HSF ((MORANO et al. 1999) ; Fig 6A) .
The expression levels of Sse1, a distant Hsp70 family member, and Sti1, an Hsp90 co-chaperone, are also significantly lowered in ∆CTA-HSF cells (Morano, 1999 ] propagation has been shown (JONES et al. 2004; SONG and MASISON 2005) but the role of Hsp90 and Sse1 in prion formation has not been reported.
Comparative analysis of total gene expression profiles would allow identifying additional genes that are differentially expressed in these hsf1 mutants and are important for prion
formation.
An unsolved mystery in prion biology is the "strain" phenomenon, a single protein molecule existing in multiple inheritable conformations that are "infectious" (DERKATCH et al. 1996; PRUSINER 1998) . Although mutations within a specific prion protein have been linked to the formation of particular "strains" of the corresponding prion (CHIEN et al. 2003; KING and DIAZ-AVALOS 2004; VANIK et al. 2004) , cellular factors required for de novo appearance of a particular "strain" remain to be identified. Yeast cells derived from one single colony are able to form prions with a wide range of variants, from very strong to very weak upon Sup35 overexpression (DERKATCH et al. 1996) (Fig 4B) . These observations suggest that prion "strain" determinants are likely epigenetic modifiers. (Fig 5) . These results strongly suggest that prion initiation and propagation are two separate processes that preferentially utilize distinct cellular machineries. The propagation process, including prion replication and subsequent segregation into daughter cells, has been extensively studied. For example, several cellular factors important for [PSI + ] propagation, such as Hsp104, Ssa1 and Ssb1, Sis1, Sla1, Sti1, and Cpr7 have been identified (CHERNOFF et al. 1995b; JONES et al. 2004; KUSHNIROV et al. 2000; SONDHEIMER et al. 2001; SONG and MASISON 2005) . In contrast, the initiation process is less understood. Our data suggest that the initiation process requires a more stringent cellular environment than that of propagation, since both ∆NTA-HSF and ∆CTA- (SOTO 2003) . Although the underlying mechanisms that confer each disease are poorly understood, the involvement of molecular chaperones in their etiologies has been implicated, including the prion disease (MUCHOWSKI and WACKER 2005) . Our results that HSF greatly affects the aggregation of polyQ strongly suggest that it is possible that mutations in mammalian HSF could lead to anti-aggregation or aggregation promoting phenotypes. Thus modulation of HSF activity can contribute to the etiology of protein misfolding diseases, e.g. prion disease, Huntington's disease, and other amyloidogenic diseases. In this regard, the effect of HSF activity on the life span of C. elegans has been recently reported: overexpressing HSF prolonged the life span of C. elegans whereas loss-offunction mutations of hsf shortened it (HSU et al. 2003; MORLEY and MORIMOTO 2004) .
Mammals have multiple members of HSFs, each of which differentially responds to distinct environmental stimuli (MORIMOTO 1998) . Although the role of each member in protein aggregation is unclear, our finding that yeast hsf1 mutations profoundly affect the aggregation of both prion protein and polyQ suggest that deciphering the regulatory mechanism of HSF on protein aggregation might provide valuable information to facilitate the development of novel therapeutic drugs for protein misfolding diseases. Isogenic ∆NTA-HSF, ∆CTA-HSF, and wt-HSF cells were grown in YPD to OD 600 = 0.5.
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